Human granulocytic anaplasmosis, a tick-borne infection caused by Anaplasma phagocytophilum, has received scant attention, while scrub typhus, a mite-transmitted disease caused by Orientia tsutsugamushi, is the most common rickettsiosis in Taiwan. The clinical presentations of both diseases are characterized by undifferentiated fever, headache and malaise. Moreover, both pathogens have been detected in small mammals that serve as hosts for chiggers and ticks in the wild. The objective of the present study was to investigate whether human granulocytic anaplasmosis occurs in Taiwan.
Introduction
Human granulocytic anaplasmosis (HGA) is an emerging rickettsial disease caused by Anaplasma phagocytophilum. Since it was first identified in the United States, HGA has been reported across Europe and in China, Japan, and South Korea [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . The disease is transmitted by Ixodes ticks, although the species varies according to the habitat, with Ixodes scapularis and Ixodes pacificus found in North America, Ixodes ricinus found in Europe, and Ixodes persulcatus found in Asia [10, 11, 13] . Other genera, such as Dermacentor spp. and Rhipicephalus spp. have been reported to be biological vectors, but their significance remains unknown [14, 15] . Larval or nymphal ticks acquire the bacterium via feeding on infected small mammals before transferring it to humans or domestic animals during their subsequent life stages. Small mammals, including white-footed mice (Peromyscus leucopus), woodrats, squirrels (Sciurus spp.), chipmunks (Tamias spp.), voles, hedgehogs, and shrews are known reservoirs for the rickettsial pathogen [16] .
Anaplasma phagocytophilum is an obligate intracellular, Gram-negative bacterium which attacks granulocytes, neutrophils especially. The bacterium enters the host cell by phagocytosis via binding between the fucosylated or sialylated scaffold proteins, e.g. PSGL-1 (CD162) and L-selectin, on the granulocyte surfaces and the bacterium surface protein, e.g. p44/Msp2 [17, 18] . It has been reported that infection changes gene expressions that modify endocytic pathway and prolong the life of host granulocytes [19, 20] . The pathogen then replicates by binary fission in an endosome, growing into a cluster called morulae until being released by exocytosis or apoptosis of the host cell. Individuals who have contracted HGA often present with fever, malaise, myalgia, and headache [21] . Although most patients recover spontaneously in a short period of time, as with other rickettsial infections, poor outcomes can occur without prompt treatment. Approximately one-third to one-half of symptomatic patients require hospitalization, and 3% to 7% develop life-threatening complications, with fatality rates less than 1% [22] . HGA can be difficult to diagnose because of the nonspecific nature of the symptoms, but antibiotic therapy needs to be administered as early as possible in the course of the illness when it is most likely to be successful. Doxycycline is the first-line treatment for anaplasmosis in adults and children. Therapy for a presumptive diagnosis should be initiated while waiting for laboratory confirmation via serologic tests, the detection of bacterial DNA by PCR, or bacterium isolation by culturing [1] .
In Taiwan, human cases of granulocytic anaplasmosis have not been formally reported, but A. phagocytophilum infections have been identified in Rattus losea, Rattus norvegicus, Mus caroli, dogs, and one nymph each of Ixodes granulatus and Rhipicephalus haemaphysaloides, implying that the pathogen is being transmitted [23] [24] [25] [26] [27] . Scrub typhus, in contrast, is listed as a notifiable disease along with epidemic typhus and murine typhus, and it is the best recognized rickettsial disease. Transmitted by trombiculid mites, Orientia bacteria multiply in the inoculation site and disseminate into multiple organs through endothelial cells and macrophages, resulting in the development of fatal complications [28] . The incidence rate of scrub typhus was 1.9 per 100,000 person-years from 2008 to 2017 while certain offshore island such as Kinmen had an incidence rate as high as 51.6 per 100,000 person-years, but only 13.1-19.9% of the blood samples collected for laboratory diagnosis actually tested positive for Orientia infection [29] . The etiological agents of a rather large proportion of rickettsia-like fevers remained to be determined; hence, the current retrospective study was conducted to investigate whether HGA is present in Taiwan.
Methods

Ethics statement
The use of samples and medical records was approved by the Institutional Review Board of the Taiwan Centers for Disease Control (Taiwan CDC) (No. 102006) and the National Taiwan University Hospital Research Ethics Committee (No. 201806011RIND). Blood samples from patients with suspected scrub typhus were sent to the Taiwan CDC laboratory for diagnosis as routine practice. Further application of the leftover specimens was approved by a written informed consent. The material transfer agreement for the samples was officially granted by the Taiwan CDC (No. 1070001530). All data analyzed were anonymized.
Study sites and blood samples
Kinmen County consists of a group of offshore islands governed by Taiwan and is located approximately 2 kilometers away from mainland China. Remaining a military reserve until the mid-1990s, development on the islands has been limited. A quarter of the area of the county has been designated as a national park which is famous for migratory birds and wildlife. Human population continuously grew during the past decade, from 84,570 in 2008 to 137,456 in 2017. It is one of the counties with the highest prevalence of scrub typhus in Taiwan.
Kinmen Hospital is the only regional and referral hospital in Kinmen County. Blood samples from 274 patients presenting with clinical symptoms resembling those of scrub typhus were sent to the Taiwan CDC for laboratory diagnosis from 2011 to 2012 (8-72 years of age, mean 26.2 years). Orientia infection was diagnosed when one of the following criteria was met: (1) the isolation of O. tsutsugamushi from blood or eschars, (2) the detection of O. tsutsugamushi DNA, (3) total antibody titers for IgM�1:80 and IgG�1:320, or (4) a �4-fold increase in antibody titers in paired sera.
Immunofluorescence assay (IFA)
Infection of A. phagocytophilum was examined by immunofluorescence assay (IFA) using the Focus Anaplasma phagocytophilum (HGA) IFA IgG Kit (Focus Technologies, Cypress, CA, USA). Patients' serum samples were diluted from 1:64 to 1:2048, and the reaction was read at a final magnification of 400X under a fluorescence microscope (Leica Microsystems, Singapore). An IgG endpoint titer �1:64 was suggestive of exposure according to the manufacturer's instructions. A �4-fold increase in antibody titers in paired sera indicated current or recent infection. Scrub typhus was diagnosed by an in-house IFA [30] . The serum samples were diluted from 1:40 to 1:640 and reacted with O. tsutsugamushi (Karp + Kato + Gilliam strains)-infected L929 cells coated on the slides. The reactive antibodies were detected with FITC-conjugated secondary antibodies, and the slides were then observed under a fluorescence microscope.
Clinical manifestations and characteristics of HGA cases
The medical records of patients with HGA were reviewed retrospectively. The demographic information, clinical manifestations, the results of laboratory tests, clinical diagnoses, comorbidities, and antimicrobial treatments were recorded. The geographic distribution of the patients was mapped manually using the Microsoft Paint and a background map available on USGS LandsatLook (https://landsatlook.usgs.gov/) according to their residential addresses.
Molecular diagnosis
DNA was extracted from the blood and buffy coats using a QIAamp DNA Blood Mini Kit (QIAGEN, Hilden, Germany). PCR was performed using the primers EHR16SD (5'-GGTACC YACAGAAGAAGTCC-3') and EHR16SR (5'-TAGCACTCATCGTTTACAGC-3'), which amplify a 345-bp fragment of the 16S rDNA of the Anaplasmataceae family [31] . The reaction was run on a Biometra TRIO thermocycler (Analytik Jena AG, Jena, Germany) with the following conditions: 94˚C for 15 min, 35 cycles of 94˚C for 30 s, 53˚C for 30 s, and 72˚C for 1 min, followed by termination at 72˚C for 10 min. Infection with A. phagocytophilum was further assessed by nested PCR targeting the multiple-copy p44/msp2 gene as previously described [10] . The set of external primers p3726 (5'-GCTAAGGAGTTAGCTTATGA-3') and p4257 (5'-AAGAAGATCATAACAAGCATT-3') and the set of internal primers p3761 (5'-CT GCTCTKGCCAARACCTC-3') and p4183 (5'-CAATAGTYTTAGCTAGTAACC-3') were used for amplification. The reaction conditions were 94˚C for 15 min, 35 cycles of 94˚C for 30 s, 52˚C for 30 s, and 72˚C for 1 min, followed by 72˚C for 10 min. For all reactions, negative water controls were included during each run. The p44/msp2 amplicons from positive samples were then cloned into a pCR2.1 vector with the TA Cloning Kit (Life Technologies, Grand Island, NY, USA). For scrub typhus, real-time PCR was also used to detect the 56-kDa typespecific antigen (TSA) gene [32] . The reaction was run on an iQ5 iCycler (BioRad Laboratories, Hercules, CA, USA) using the KAPA SYBR FAST Universal Kit (Sigma-Aldrich Corporation, St. Louis, MO, USA) following the manufacturer's instructions. Samples were considered positive if they had a cycle threshold value <50 and characteristic amplification plots.
The PCR products generated in the study were sent for sequencing in both the forward and reverse directions (Mission Biotech, Taipei, Taiwan). Sequences were aligned using SeqMan Pro (Lasergene, Madison, USA) and evaluated for homology with previously reported sequences by a BLAST search of the GenBank database (http://blast.ncbi.nlm.nih.gov/Blast. cgi). A phylogenetic tree was constructed based on the alignment and the most closely related paralogs, followed by the application of Maximum Likelihood method or Neighbor-Joining method (1,000 bootstrap) using MEGA7 software [33] .
Statistical analysis
All statistical analyses were performed with SAS v9.1.3 (SAS Institute, Cary, NC). Categorical variables were compared with Chi-square tests, and continuous variables were analyzed with ttests; p�0.05 was considered statistically significant.
Accession numbers
Sequences generated in the study have been uploaded to GenBank.
Anaplasma phagocytophilum 16S rDNA: MH260385, MH260386, MH260387, MH260388, MH260389, MH260390, MH260391, MH260392.
Anaplasma phagocytophilum p44/msp2: MH260370, MH260371, MH260372, MH260373, MH260374, MH260375.
Results
Anaplasma phagocytophilum infection
Of the 274 patients suspected of having scrub typhus, 129 cases (129/274; 47.1%) were confirmed by the Taiwan CDC laboratory. Moreover, 87 were positive for A. phagocytophilumspecific IgG (87/274; 31.8%) ( Table 1 ). There were no significant differences in positivity rates according to gender, occupation, or age group. Four-fold increases in A. phagocytophilum IgG titers were observed in 11 paired serum samples (patients A-K) ( Table 2 ). While 3 of those patients appeared to have only HGA (patients A-C), 8 of the patients also showed seroconversion against O. tsutsugamushi, suggesting coinfection (patients D-K).
Clinical manifestations and characteristics of HGA cases
The complete medical records of 9 HGA patients (patients A, B, D-G, I-K) were retrieved from Kinmen Hospital and carefully reviewed. These patients lived in different villages on the island (Fig 1) , and the infections mostly occurred in June (n = 6) and July (n = 3) when scrub typhus peaked in the years (S1 Fig) . The symptoms were summarized in Table 3 . All patients developed fever (9/9), while eschars at a variety of sites (knee, axillary area, back and inguinal area) were only found in patients coinfected with O. tsutsugamushi. Laboratory tests showed that elevated serum ALT/AST, creatinine, and BUN levels were observed in patients with A. phagocytophilum infection, but elevated serum CRP levels, thrombocytopenia, and anemia were only observed in patients with concurrent scrub typhus and HGA. HGA/scrub typhus coinfection did not seem to negatively impact on the clinical outcomes of patients. All patients recovered after treatment with minocycline or doxycycline (oral or intravenous administration). With regard to the patients' contact and travel histories, one of the HGA patients (patient B) returned from a trip to Guangxi Province in China a week before the onset of symptoms; one patient (patient A) had traveled to Taiwu mountain, and another patient (patient I) had a history of contact with cattle. However, all patients denied having experienced a recent tick bite (S1 Table) .
Molecular diagnosis
Of the 11 patients who tested positive for HGA serologically, 2 patients were confirmed by molecular diagnosis with evidence that both 16S rDNA and p44/msp2 were successfully amplified. The evolutionary relationships was further inferred by molecular phylogenetic analysis for the 16S rDNA (Fig 2A, S2 Fig) and p44/msp2 (Fig 2B, S3 Fig) .
Anaplasma phagocytophilum 16S rDNA was detected in 8 patients (patients A-H) ( Table 2 ). The resulting sequences that differed from each other by at least in 1 base, were submitted to GenBank (accession nos. MH260385-MH260392) (S2 Table) . While two of the amplified fragments (from patients C and F) were identical to the reference sequence from Korea (accession no. MK271308.1), the others showed the highest degree of similarity to the sequences from Korea, the USA, Japan, and China (Fig 2A) . The p44/msp2 multigene was amplified in 2 patients (patients D and E). Subsequent cloning identified 4 different sequences from 85 clones from patient D (patient D-36, 41, 113, 134) and 2 sequences from 21 clones from patient E (patient E-16 and 17). All sequences were deposited in GenBank (accession nos. MH260370-MH260375) (S3 Table) . Phylogenetic analysis revealed that the amplicons from the same patients clustered together, and the sequences were close to those of the variants identified in the USA and Japan (Fig 2B) . A 56-kDa TSA gene was detected in 4 patients (patients D-G). Further sequencing of the 56-kDa TSA gene showed that the PCR products in the study were identical to those of the isolates previously reported in Kinmen in 2006 (KM0606a, accession no. GQ332760; KM0605a, accession no. GQ332742; KM0607h, accession no. GQ332746) [34] . Patient D was infected with the Kawasaki strain of O. tsutsugamushi while the others were infected with the Karp strain. These strains of O. tsutsugamushi have continued to circulate in Kinmen County, where the habitat is favorable for chiggers and small mammals.
Discussion
In this study, we reported granulocytic anaplasmosis in humans in Taiwan for the first time. Current or recent infection was suggested by seroconversion in paired serum samples from 11 patients. Molecular analysis confirmed A. phagocytophilum in 2 patients, and the amplified fragments shared high sequence similarity to the isolates from Korea, the USA, Japan, and China. Combined with the findings of previous studies that detected A. phagocytophilum DNA in small mammals and ticks, the transmission of the pathogen was further verified [23, 27] . Moreover, patients with concurrent HGA and scrub typhus were identified despite differences in Acari vectors, reflecting the unique ecosystem in Kinmen in which multiple pathogenic rickettsiae circulate. The Kinmen archipelago is nearly 200 km from the main island of Taiwan. With A. phagocytophilum DNA has been detected in animals on the main island of Taiwan, the scope of human infections requires further investigation [25, 26] . Although animal hosts and ticks have been reported to be infected by A. phagocytophilum worldwide, reports of infections in humans are less frequent, probably due to misdiagnosis owing to nonspecific clinical signs. Seroprevalence studies have shown that 14.9% of the residents in northwest Wisconsin, 17% of Slovenians, 2.6% of US military personnel, 16.2% of adults from western Norway, and 7.6% of adults in Yunnan Province in China have antibodies against A. phagocytophilum without a history suggestive of HGA [35] [36] [37] [38] [39] . This could imply the occurrence of subclinical infections. Nevertheless, a recent survey of hunters in eastern Poland detected seropositivity in 30% of the surveyed subjects, and more exposure was noted among those who handle animals than among blood donors from the general population in Belgium, suggesting that environment and animal contact history could be risk factors for infection [40, 41] . Serological evidence indicated that as many as 87 of the 274 subjects in this study had been exposed at some point to A. phagocytophilum, but no association was found between seropositivity and gender, occupation, or age. Because all participants presented with rickettsia-like fever upon enrollment, the at-risk population needs to be clarified by further reviewing the extent of A. phagocytophilum infection among all age groups of the general population.
None of the HGA patients recalled having recently experienced tick bites in the study. Similar findings have been observed, with at least 25% of patients with proven HGA failing to report exposure to ticks [1] . In addition, changes in the hematological and chemical blood tests of patients with HGA were nonspecific, in contrast with previous studies which showed that leukopenia, thrombocytopenia, and liver dysfunction were common in most HGA patients [21] . Nonetheless, serial measurements indicated that these abnormalities soon recovered after the first week of illness [42] . To further confirm A. phagocytophilum infection, PCR was performed with acute phase blood, and the 16S rDNA and p44/msp2 were detected in 8 and 2 patients, respectively. Traditionally being used for screening tests, the 16S rDNA showed higher sensitivity in our findings despite its single copy in the pathogen perhaps due to the design of primers, shorter amplified fragments, specimen preservation or other reasons affecting PCR analysis and cloning. Specimens yielded positive results by both PCR were considered positive for molecular detection in current study. The resulting partial sequences of 16S rDNA were 99-100% identical to the reference sequence from Korea (accession no. MK271308.1) while the amplicons of p44/msp2 were 92.5-100% identical to an isolate from the USA (accession no. CP006618.1). The conserved nature of the 16S rDNA and the more variable similarity of p44/msp2 were in agreement with other report [43] . Kinmen has been recognized for its idyllic scenery and untouched ecology. During the Cold War era, the islands stood as the military frontier between the People's Republic of China and Taiwan. The development of Kinmen was strictly focused on the ability to survive a long blockade. Drought-resistant sorghum was introduced for the production of liquor (kaoliang wine) as the major source of income. Agricultural and pastoral ways of life remained predominant on the islands until 1992, when tensions between mainland China and Taiwan gradually eased, and tourists began to visit across the strait. Today, the economy of Kinmen is mainly based on tourism. Investment and infrastructure projects have been undertaken, including the construction of houses, hotels, and businesses, in expectation of economic gains, but these changes also threaten characteristic local industries and traditional agricultural practices. An increase in the number of abandoned farms may have adverse consequences on the risk of disease and expose the residents not only to mite-borne scrub typhus but also tick-borne HGA [44] .
Twenty-nine species of ticks belonging to the genera Amblyomma, Aponomma, Boophilus, Dermacentor, Haemaphysalis, Ixodes, and Rhipicephalus in the family Ixodidae have been documented in Taiwan [45] . Recent reports further recorded Haemaphysalis lagrangei parasitizing dogs and Haemaphysalis wellingtoni, Ixodes columnae, and Ixodes turdus parasitizing birds [46, 47] . While I. persulcatus, an important vector in northeast China, Russia, Japan, and Korea [10, 11, 48, 49] , has not been encountered since 2000, studies from other countries demonstrated that A. phagocytophilum can infect the tick species that occur in Taiwan. The 16S rDNA from A. phagocytophilum has been detected in snake ticks (Amblyomma helvolum and Aponomma varanense) in Malaysia [50] , Amblyomma testudinarium in Thailand and Japan [10, 51] , Rhipicephalus (Boophilus) microplus in China [52] , Haemaphysalis formosensis in Japan [10] , Ixodes nipponensis in Korea [53] , Ixodes ovatus in Japan [54] , and Ixodes simplex in Hungary and Romania [55] . Ixodes granulatus and R. haemaphysaloides are the most common ticks collected from some small mammals captured in Kinmen County [56] , and their infection with A. phagocytophilum has also been reported [23, 27] , although the transmission cycle of A. phagocytophilum remains to be determined.
Anaplasma phagocytophilum infection can also be acquired via exposure to contaminated blood. Nosocomial infections have been reported in Anhui Province in China, suggesting that HGA can be acquired by contact with patient blood or respiratory secretions [57] . Similarly, infections have been reported in butchers exposed to infected deer blood [58] . Perinatal transmission was documented in 1 neonate [59] . A recent case of death from transfusion-transmitted anaplasmosis highlighted a new risk, as blood products are not currently screened for A. phagocytophilum infection [60] . In addition, A. phagocytophilum DNA was found in Tabanid flies, which could be potential vectors for transmission [61] . Whether these alternative routes play any roles in the presence of HGA in Taiwan should be explored.
Sequential or simultaneous infections of A. phagocytophilum with tick-borne pathogens such as Borrelia burgdorferi, Babesia microti, and Rickettsia japonica frequently occur after one or multiple tick bites [1, 10] , but coinfection with mite-borne O. tsutsugamushi was never confirmed despite previous attempts in Korea [62, 63] . On the other hand, relatively high prevalence of O. tsutsugamushi infections in wild rodents, ranging from 69.1% to over 90%, as well as a high chigger infestation rate (100%, mostly Leptotrombidium deliense) and a high chigger O. tsutsugamushi PCR positivity rate (96%), have been found on the offshore islands and the main island of Taiwan [64] [65] [66] . Given that 15.8% to 17.2% of R. losea, the most abundant species in arable lands or abandoned fields in Kinmen, was infected by A. phagocytophilum and 19% parasitized by ticks [23, 25] , coinfection is very likely to occur. The study employed IFA to detect antibodies of HGA and scrub typhus. Cross-reactive antibodies have been noted between A. phagocytophilum and E. chaffeensis, but cross-reactions between A. phagocytophilum and B. burgdorferi or O. tsutsugamushi were not significant in the previous studies [62, 67] . In our findings, concurrent positive reactions were observed in 8 among 129 patients with scrub typhus, and 4 of them had molecular evidence to support the diagnosis. Therefore, we concluded that the cross-reactions were not significant in the study and that patients simultaneously infected with O. tsutsugamushi and A. phagocytophilum were identified. In view of the similarity in the clinical presentations, infection or coinfection with other tick-borne pathogens, for example, A. phagocytophilum, should be considered for patients suspected of having scrub typhus in the future.
Conclusions
We retrospectively examined blood samples from 274 patients with suspected diagnoses of scrub typhus in Kinmen in 2011 and 2012. IFA results showed that 87 patients (87/274; 31.8%) were seropositive for A. phagocytophilum, and 11 patients had evidence of seroconversion; that is, a 4-fold increase in the titer between acute and convalescent sera. Despite nonspecific clinical signs, active infection of A. phagocytophilum was confirmed by molecular diagnosis. Both of the 16S rDNA and p44/msp2 gene were successfully amplified in 2 patients. Phylogenetic analysis revealed that the resulting sequences exhibited high similarity with the variants in Korea, the USA, Japan, and China. Our findings suggested HGA was present on the offshore island of Taiwan, and moreover, cases with concurrent HGA and scrub typhus were identified. Anaplasma phagocytophilum infection should be considered by the physicians for the purpose of early diagnosis and differential diagnosis in the area. 
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